This article describes the 3.5 years experience of integrating digital mammography with a generalized Picture Archiving Communications System (PACS). Rather than implement a mammography mini-PACS solution (dedicated solely for use in full-field digital mammography), the vision was to integrate full-field digital mammography with the preexisting PACS archive, network, and Web distribution system from the beginning. Our enterprise still utilized a separate proprietary mammography reading workstation, as required by the FDA at that time. The pros, cons, and lessons learned from this approach are presented. The enterprise is currently transitioning away from a separate mammography reading station. This transition will more fully integrate, using the overall PACS for mammography reporting, mammography tracking, document imaging module may be added in the future, management reporting, task tracking, and billing output with a single unified RIS/PACS solution. This paper describes the core technologies required for this approach, along with the theoretical advantages. Semin Breast Dis 9:75-81 © 2006 Elsevier Inc. All rights reserved.
D
igital mammography offers great promise in breast cancer detection, including emerging data revealing increased sensitivity, while also improving patient turnaround times compared with film-screen mammography. 1 However, studies to date have also revealed significant decrease in radiologist efficiency with digital mammography. 2 When breast centers transition from screen-film mammography (SFM) to full-field digital mammography (FFDM), information storage and PACS requirements need to be addressed. In larger volume breast imaging centers with multiple satellites, the large data sets typical of FFDM impede image transmission for centralized expert mammographic interpretation. Early adopters of FFDM typically created a separate mammography mini-PACS data island. That approach entailed additional costs and resulted in the inefficiency of multiple data sources and technologies. Dedicated FFDM soft-copy workstations initially required for primary interpretation add significant cost, space requirements, and inefficiency to the enterprise.
In contrast, the vision at our enterprise was to integrate FFDM with the existing PACS, to provide a path to eventually enhance radiologist efficiency and improve administrative efficiency. In the short term, we would provide referring physicians with immediate access to digital mammograms and results, and would realize significant cost savings by leveraging the existing PACS technology in use for all other radiology modalities. This vision included eventual elimination of the separate subsystems for dedicated mammographic interpretation, dictation, reporting, tracking, document handling, forms management, management reporting, and output to billing systems, by utilizing these features in the PACS.
Our enterprise, the Sansum Clinic (Santa Barbara, CA), is a multispecialty outpatient clinic, with 180 physicians, that performs nearly 100,000 radiology exams per year, including over 20,000 annual FFDMs. In this article, the operational transition and integration of FFDM with a generalized PACS at our institution is detailed. of studies. Although PACS are currently in use mostly for radiology and cardiology, it can be applied to any realm wherein image management and result access are important. 3 The first scientific conference on PACS took place in 1982. 4 As is typical with many technologies, the pace of adoption has been much slower than anticipated. With PACS vendors switching to PC-based systems over the last 5 years, and the dropping cost of PCs, as well as the flood of imagery coming off the multislice CT scanners, the pace of adoption of PACS has accelerated greatly in general radiology. 5 Many centers have implemented FFDM without connecting to a PACS or mini-PACS, rather choosing to archive exams on removable media. This results in great inefficiencies, with exams unavailable electronically to the referring doctors, requiring significant quantities of film printing to satisfy remote access. As well, when the patient returns for a follow-up mammogram a year later, the prior exams must be restored off of the removable media, and if they have multiple years worth of priors, this will involve multiple restore operations. The FFDM exams are very large in size, varying by manufacturer between 8 and 54 megabytes per image noncompressed (Fig. 3) .
Digital Mammography Integrated with a Generalized PACS
FFDM has been fully integrated with the enterprise PACS (DR Systems, Inc., San Diego, CA), since go-live in July 2003 with 2 Fischer Senoscan units (Fischer Imaging, Northglenn, CO). All 180 clinic physicians plus 100 community physicians have access to the PACS. A third FFDM unit (Hologic Selenia, Hologic Inc., Bedford, MA) was added in January 2006. All exams have been archived on PACS since inception. All exams and results once interpreted by the radiologist are immediately available to the referring physicians via the PACS Web server, along with all other radiologic studies, including CT, MRI, ultrasound, and conventional radiography via computed radiography. Through 2005, mammography exams had been exclusively interpreted on a proprietary workstation provided by the FFDM vendor; however, we are transitioning to primary interpretation directly off the PACS reading stations, with the full transition expected in early 2007.
Rationale for Integration of FFDM with PACS in 2003
Following the current prevailing thinking in the industry, most sites had chosen before 2003 to implement digital mammography using a separate mini-PACS. In 2003, by contrast, the vision at our enterprise was to leverage the current generalized PACS, initially implemented in 2001 at our enterprise, for all other modalities. This direction was proposed to save money on infrastructure and service cost duplication, while providing the more efficient benefit of one database for all radiologic exams, rather than two databases (one for mammography and another for all other studies). One database for all exams resulted in multiple benefits for the radiologists, referring physicians, and staff.
As early adopters of FFDM, we expected to see a decrease in radiologist reading productivity, based on workflow considerations and the experience of colleagues at other institutions. The expectation in 2003 was that it would take the radiologists nearly twice as long to read the digital mammograms, with the hope and plan that eventually this inefficiency would be corrected. Recent published data do demonstrate increased interpretation time with FFDM compared with SFM. 2 The immediate benefits of integration with generalized PACS included:
• Ease of access to all radiologic studies off one database.
• Leveraging the existing PACS server, Web server, network, and archive, thereby saving costs.
• Ease of comparing exams from multiple modalities off the one database, including digital mammography, MRI, ultrasound, and PET.
• Leveraging current Web access to all radiology exams and results by referring physicians.
• Access to all radiologic studies via a single user interface that was already familiar to all referring physicians and radiologists, with images and immediate results available.
• Three local hospitals and the respective operating rooms, as well as multiple outpatient surgery centers had immediate access to digital mammograms and results, leveraging preexisting Web-based access to all PACS exams.
The efficient access to all exams and immediate results by referring physicians via the Web server has been enjoyed by the enterprise for all radiology modalities at the Sansum Clinic since 2001. Most importantly, the referring physicians can get access to exams and radiologist results whenever and wherever they choose. This results in the following benefits:
• Eight-fold drop in referring physician calls and visits to the radiology department for results. 6 • Decreased consumption of referring physicians' time to obtain results, with some specialists reporting that they save an hour or more per day due to this technology.
• Fewer interruptions of the radiologists, allowing for better focus and increased productivity.
• Front offices of both radiology and the referring physicians benefit, because the physicians can electronically retrieve, and no longer task the front office with spending time tracking down radiologic studies and reports on, nearly 100,000 exams per year.
• Easier access to prior exams for the mammographer.
This facilitates "add view" workflow, where the mammographer views the screening examination abnormality with annotations and report on a PACS device in the FFDM room, and can efficiently perform additional views as requested.
The enterprise's Web-based access to exams and immediate results was rare in the U.S. for digital mammography in 2003, and is still very uncommon in 2006. 7 
Operational Outcomes of Integration
With the conventional reading approach initially required by the FDA in 2003, all FFDM exams had to be read off of a dedicated proprietary workstation. (Initially a workstation from Fischer Imaging later replaced with an outsourced workstation from Cedara Software Corp., Mississauga, Ontario, Canada.) An analysis of the early-adopter experience revealed interesting results. 8 Positive results of early adoption and integration include:
• Expedited patient care, with 15-minute examination times.
• Room productivity increased by 2.5-fold compared with film screen; 5 analog rooms replaced with 2 digital rooms.
• Improved image quality.
• Reduction in add-view call backs. 9 • Enhanced image distribution to referring doctors using the PACS.
• All exams read 100% filmless since go-live in 2003.
• All exams archived on PACS.
• Prior film-based mammograms have been digitized onto the PACS as a comparison examination.
Negative results of early adoption and integration include:
• Radiologist productivity was halved, more recently after multiple iterations of the proprietary workstation, the productivity loss is closer to 50% slower than compared with an optimized film-based preloaded mammography alternator.
• Technologist productivity was unchanged with two technologists working each digital room. A technologist aide could work as the second person, which would save the enterprise some cost in the future.
From this analysis and further experience at our enterprise, several factors and recommendations arise that should be carefully considered by facilities that are contemplating an approach similar to that undertaken by our enterprise, which are discussed below.
Impact of Large Data Sets
Gigabit network infrastructure is required with FFDM, with adequate scaling of the enterprise archive to handle these large datasets. Digital mammography images are very large (ranging from approximately 8 to 54 MB per noncompressed image, depending on the vendor; Fig. 3 ), which should be strongly considered as a part of modality vendor choice. Different-sized images affect network transmission speed and archive storage requirementsand, much more importantly-affect the speed of image presentation and review by radiologists and referring physicians.
Full resolution viewing of the data sets of vendors using 50-m pixels requires expansion of the images far beyond the boundaries of even 5 megapixel (MP) monitors, which can be problematic for the radiologist and referring physician alike. The problems arise when trying to navigate and interpret these large images at full resolution, since in a patient with a large breast spanning the entire detector, you are only viewing 25% of the breast on the screen with some FFDM equipment, and need to pan around to see the rest of the breast. It is easy to become disoriented as to where you are in the breast, and difficult to compare densities with the contralateral breast, with this narrow field of view relative to the large image size, and can affect powers of observation and result in fatigue.
Summary of Technical Considerations
• Each digital mammographic image ranges from approximately 8 to 54 MB, depending on which vendor digital mammography equipment is utilized. A four-view screening examination data volume is about the size of an entire multislice CT examination.
• Consider file size as you select the digital mammography equipment vendor.
• Primary server scale impact.
• Archive scale impact.
• Higher resolution FFDM images are paradoxically less efficient to review by both radiologists and referring physicians.
• Higher resolution FFDM images are slower to display. DICOM lossless compression is allowed at this time on digital mammographic images for primary interpretation, with on order of 4-to 8-fold compression ratios achieved on FFDM images. Hopefully, MQSA will someday allow appropriate lossy data compression on these exams, which would mitigate some of the issues with display speed, archiving, and network transmission.
Other Workflow Suggestions and Issues
• When ready to convert to digital, do so comprehensively. Implementing FFDM in one mammography suite while film-screen is used in another results in the confusion of two databases, which is highly inefficient.
• Image quality and presentation state is critical for image review. In particular, the digital mammography imaging chain should provide the images to the radiologist in a "read ready" format, rarely requiring the radiologist or referring physician to have to window or level images.
• If the patient's prior examination is film-based, then ideally that examination should be digitized onto the PACS and available for comparison directly off the workstation along with the current examination.
• A film viewer may still be required adjacent to the digital mammo reading station, to allow comparison of prior film-based exams that are not yet digitized.
Radiologist Workflow Transition from Six Systems to One
Since integration in July 2003, six separate systems have been required to complete the digital mammographic interpretation workflow (Fig. 1) . These systems include:
• Primary interpretation off the dedicated proprietary workstation (initially Fischer, then Cedara).
• Annotations and voice clip conclusion captured on adjacent single screen PACS workstation.
• Adjacent mammography alternator to compare current digital with prior film based exams.
• Outboard legacy dictation system.
• Paper-based requisition for patient barcode into dictation system, and for logging mammographic tracking result.
• Mammographic QA tracking performed separately.
Integration of these multiple systems was required when we first implemented FFDM in 2003, but that clearly posed economic and technical disadvantages. The use of six systems is partly to blame for the inefficiency encountered by the radiologist in interpreting the digital mammograms since 2003. The initial and subsequent dedicated digital mammography workstation user interfaces were also far less than ideal, compared with the efficiency of a preloaded film-based mammography alternator.
Based on this experience, our enterprise is planning to transition to a single-system fully integrated solution provided by the PACS vendor. Rather than employing a separate mammography workstation, technologies have been added to the PACS workstations to optimize reading of mammograms. Related technologies such as mammography report coding, radiologist assessment and recommendation tracking, mammography-related management reports, and pointand-click and/or voice recognition reporting will be added to the PACS workstations. There will be a transition to reading all digital mammographic exams directly off of PACS. This is expected to result in cost savings and in greater efficiency for the radiologist and administrative staff as well (Fig. 2) .
Expected Benefits of a Unified Solution
• Primary interpretation off PACS using a single enhanced user interface. This will simplify training for all users, who will no longer need to learn a separate mammography user interface.
• Availability of all exams (including all breast imaging modalities), not just mammograms, when reading FFDM. Mammograms will also be visible on all other PACS components.
• Reading digital mammography on PACS allows for workload balancing, since the exams can be read off of any workstation with 5 MP monitors, without purchasing additional dedicated digital mammography workstations.
• Cost and space savings because of the lack of need for dedicated mammography workstations for primary interpretation, which often cost up to $150,000 each.
• Integrated paperless structured reporting to adhere to the ACR lexicon and MQSA tracking requirements.
Templates, point-and-click macros, and voice recognition can be used to fully automate reporting.
• Real-time heads-up displays of each radiologist's last 100 assessments and recommendations, to provide radiologists ongoing data related to their trends.
• Prior digital mammograms and digitized film-based exams directly available on PACS for direct, more efficient comparison, rather than hanging old films on a lightbox, thereby eliminating ergonomic problems and veiling glare.
• Integrated mammographic tracking and QA, replacing the legacy paper-based system.
• All processes performed on PACS will allow for digital billing feed, enhancing billing efficiency and timeliness. 
New User Interface Paradigms
PACS has historically resulted in approximate doubling in productivity in reading radiology studies at our enterprises. 10 Similar benefits are expected with FFDM as we transition to reading off the PACS exclusively. Below are descriptions of some of the new user interface tools and paradigms used for interpreting FFDM images that will lead to increased efficiency, along with performing all tasks off the PACS rather than multiple disparate systems. These user interface tools are also extremely useful when interpreting other modalities on the PACS.
Cursor Position-Based Action
This functionality has been in use on the PACS since 1998. The software recognizes the cursor position and will perform differently based on this position relative to any image, thereby eliminating the need for many mouse clicks. For example, if the cursor is close to the border region between the 2 or 4 series, the action will then be applied to the 2 or 4 series. This is critical for linked scrolling of adjacent series, as well as linked panning.
Mirrored and Nonmirrored Panning
If 2 series are linked by cursor position, then the panning tool will result in either mirrored or nonmirrored panning, at the users control via the mouse directly. For digital mammography, the mirrored panning is critical for assessing full-resolution images that extend off the monitor. For conventional radiography, the nonmirrored panning is very efficient for similar purposes. 
Figure 2
Going forward all six systems will be integrated into the PACS, with paperless workflow for the radiologist.
Image Shuffling Conventional dedicated digital mammographic workstations have up until now relied on user-defined reading scenarios and proprietary keypad and/or mouse hardware. Numerous sequential views within a scenario are typically required to view a mammographic examination, compare with the prior study, and ultimately view each high-resolution image at full resolution. As the user courses through the scenario, if they want to pull up a specific image out of order, they must sequentially course forward or backward through the scenario until they find the desired image, or use a drag-anddrop technique off a thumbnail to access a particular image. Some vendors provide a specialized keypad which includes function buttons to display specific images or image pairs at the click of a button. Image shuffling is a technique specific to this particular PACS, which allows the user to view one, two, or more exams. Images are auto-arranged so that appropriately matched left and right breast images are displayed "back-to-back." More importantly, the appropriately matched new and old examination images are arranged in a stack, so that the user can scroll back through time. This capability facilitates rapid image comparison while preserving one image per monitor display. As well, when the user sees something of concern on one view, scrolling can be done instantly to view the same region on the other view, without requiring drag-and-drop or specialized keypad actions.
Image shuffling can be combined with mirrored panning of full resolution images extending off the monitor, all controllable by the mouse. This combined functionality should result in significant increase in radiologist productivity while reading digital mammography off PACS, without the need for multiple sequential reading scenarios. Marked increase in interpretation speed and accuracy has been revealed with this technique in other nonmammographic realms, 11 with similar results expected for digital mammography.
Jump to One-on-One Display With a click, the user can go from a conventional digital mammographic overview mode of current examination images displayed above prior examination on the same monitor, to display of a chosen pair of mammography images, displayed on two adjacent monitors in 1:1 format. This is especially useful for add view workflow, where with this one click, the additional views will be on one monitor neighboring the screening images that initiated the call-back examination on the adjacent monitor. The user can then scroll through these two image series in 1:1 format comparing the additional views to the index screening examination, facilitating add-view interpretation.
This function can also be used to display digital mammography in a more conventional fashion, before users' moving to the more efficient shuffle paradigm. The user can navigate with a click, from a conventional overview mode comparing the current and prior screening examination, to then viewing the current screening examination 1:1, right and left breast back to back, scrolling from CC to Oblique views via the mouse. Then with a click, the user can go right back to the overview mode if desired.
Pixel Tracking
By hitting one hot key, the user can see whether or not he or she has completely viewed all relevant pixels of the digital mammogram at full resolution. Pixel tracking graphically presents which regions of an image have been viewed at full resolution and which have been subsampled for display. This is especially useful for inexperienced FFDM users, who may inadvertently read an examination while displaying only a fraction of the acquired pixels.
The Ideal Digital Mammography Scenario
• All of the enterprise's patients are mammographically imaged digitally, meaning 100% filmless.
• Full integration with generalized PACS, fusing six systems into one.
• Integrated scenario includes template structured reporting and mammographic QA.
• Read-ready presentation state on all images for the radiologist and referring doctor.
• All exams and immediate results are available to the referring physicians off of one Web portal.
• Radiologist productivity should improve compared with the current gold standard of a preloaded film based mammography alternator.
Conclusion
Full integration of digital mammography with PACS, including primary interpretation, structured template reporting, mammographic QA, RIS, and digital billing feed out from PACS, will lead to significant benefits and efficiencies for the radiologist, the referring physician, the administrative staff, and the enterprise. New soft copy reading methods, along with this integration, will result in a much more efficient interpretation paradigm. This integrated scenario will be more efficient than a film-based preloaded mammography alternator, with improved sensitivity. In addition, the integrated approach allows the radiologist and referring physicians to view any radiologic examination and report off of one database and with one user interface, to the great benefit of the patient and enterprise. Future acceptance of lossy compression for primary interpretation will facilitate centralized expert interpretation. Consideration of image quality and image scale is important in choice of digital mammography systems. This plays out most importantly in regards to ease of viewing of full resolution 50-or 70-m pixel images, by the radiologist and referring physician.
